Larch mitochondria contain a 'native' tRNA His which is absent from angiosperms. Sequence comparisons of genomic DNA and cDNA obtained from unprocessed primary transcripts of the larch mitochondrial gene trnH encoding this tRNA revealed three nucleotide discrepancies. These three nucleotide alterations, in the acceptor stem, D stem and anticodon stem respectively, are conversions of genomic cytidines to thymidines in the cDNA (uridines in the tRNA) and thus resemble the RNA editing events observed in nearly all plant mitochondrial mRNAs. Two cases of editing affecting mitochondrial tRNAs from angiosperms have already been described, but we present here the first example of such events in a gymnosperm mitochondrial tRNA. All three editing events correct mismatched C·A base pairs which appear when folding the gene sequence into the standard cloverleaf structure, thereby improving the secondary structure of the tRNA. When incubated with a heterologous potato mitochondrial processing extract, only the edited form of the larch mitochondrial tRNA His precursor was efficiently processed in vitro. These data strongly suggest that editing of larch mitochondrial tRNA His is a prerequisite for its processing.
INTRODUCTION
RNA editing is a widespread phenomenon, occurring in organelles of many organisms, that is defined as the alteration of a transcript such that its sequence differs from that of the gene from which it was transcribed (reviewed by 1). In plant mitochondria and chloroplasts, RNA editing nearly always consists in C to U transitions, probably by a cytosine deaminase-like activity (2) (3) (4) (5) . In other organisms, other types of editing exist, such as insertion/deletion of U or C residues (6) and the mechanisms almost certainly differ from those at work in plants (1) . Most editing events occur in mRNA coding sequences and serve to improve sequence similarity with the corresponding sequences from other organisms. However, examples do exist of editing of rRNAs (7) and tRNAs (8, 9) . Editing of structural RNAs is difficult to define, as rRNAs and particularly tRNAs undergo many post-transcriptional base modifications, many of which are important for correct structure and function. Generally, the term 'RNA editing', when applied to tRNAs, is restricted to base changes which greatly resemble those seen in mRNAs in the same organism and which are therefore probably brought about in the same manner. By these criteria, only two cases of tRNA editing have come to light in plant mitochondria; a C to U alteration in tRNA Phe , observed in potato, bean (9) and Oenothera (8) , and a C to U alteration in tRNA Cys (8) . The small number of examples makes it difficult to draw any general conclusion about the process.
Most studies on higher plant mitochondria have involved angiosperms for the good reason that they are easy to cultivate and are relatively good sources of mitochondria and mitochondrial nucleic acids. Gymnosperms, although widespread in nature and economically important in many regions, have received little attention because of the technical problems involved in the extraction of mitochondria. Nevertheless, RNA editing of presumably mitochondrial transcripts in conifers has been confirmed by PCR amplification of DNA and cDNA from total nucleic acid preparations (10, 11) . The finding that embryogenic cell suspension cultures of larch make reasonable sources of pure mitochondria (12) has allowed more detailed studies to be performed. During an attempt to catalogue the tRNAs present in larch mitochondria (13), we came across a larch mitochondrial gene coding for tRNA His . This gene is homologous to the tRNA His gene from liverwort (14) , and is presumably derived from the genome of the original endosymbiont ancestor of plant mitochondria. This is the first time a 'native' mitochondrial tRNA His gene has been found in a higher plant, and the study of its sequence and expression has given interesting insights into RNA editing in plants, and the reasons why plant mitochondria contain a varied set of tRNAs from three different genetic origins.
MATERIALS AND METHODS

Cloning of the larch mitochondrial tRNA His (GUG) gene
Isolation of larch (Larix x leptoeuropaea) mitochondrial DNA as well as 'Southern blot' hybridization were performed under * To whom correspondence should be addressed Present addresses: + Department of Biochemistry, University of Adelaide, SA 5005, Australia and § Service de Génétique des Microorganismes, Département de Botanique, Bâtiment 22, Université de Liège, 4000 Liège Sart Tilman, Belgium conditions previously described (12) . To clone the tRNA His gene, a partial larch mtDNA library was prepared and screened using standard techniques (15) . Five micrograms of larch mtDNA were cut with BamHI, and fragments between 3 and 4 kb were isolated from an agarose gel and cloned into the BamHI site of pUC19. The resulting clones were screened with an [α-32 P]UTP-labelled RNA probe prepared by in vitro transcription of a clone of the liverwort trnH gene. Two hybridizing clones were retained and subclones containing the larch trnH gene were sequenced using fluorophore-labelled primers in a semi-automated sequencing system (Applied Biosystems, Foster City, CA).
Purification of larch mitochondrial RNA, cDNA synthesis and amplification by PCR (RT-PCR)
Larch mitochondria purified according to (12) were used for RNA extraction. This extraction was performed as described in (16) . For cDNA synthesis, 2 µg of the larch mitochondrial RNA were used for reverse transcription (17) in the presence of oligonucleotide 1, containing a BamHI restriction site (underlined) attached to a sequence complementary to the downstream flanking region of the larch mitochondrial tRNA His gene, GTACTGGATCCGGGAGAGGGCCTGGTCG (Fig. 2) . One fifth of the reaction was taken for PCR amplification (17) in the presence of oligonucleotide 1 and oligonucleotide 2, containing an BamHI restriction site (underlined) attached to a sequence from the upstream flanking region of the larch mitochondrial tRNA His gene, AGTAGGATCCGCGAGTATAGACGTGTC (Fig. 2) . PCR products were cloned into the BamHI site of the Bluescript KS(+) vector using standard recombinant techniques (18) . Sequencing of the cloned fragments was performed by the dideoxyribonucleotide chain termination method using a simplified protocol described by Del Sal et al. (19) .
Preparation of RNA transcripts
Uniformly labelled RNA transcripts were synthesized by standard in vitro transcription with T7 RNA polymerase in the presence of 20 µCi [α-32 P]UTP. The cloned DNA fragments obtained by reverse transcriptase-PCR amplification (see above) of the edited or non-edited precursor forms of larch mitochondrial tRNA His were used as templates after linearization with PstI. Following transcription, the synthesized RNAs were fractionated by electrophoresis on a sequencing gel. After identification by autoradiography, the bands corresponding to the expected products were excised from the gel and the labelled RNAs eluted (20) .
To perform primer extension analysis of the processing products and to analyse incorporation of [α 32 P]CTP by tRNA nucleotidyl transferase during in vitro processing of tRNA precursors, unlabelled transcripts were prepared as described above except that [α 32 P]UTP was replaced by 250 µM UTP.
Preparation of a potato mitochondrial processing extract and in vitro processing assays
To prepare enzymatic processing extracts, mitochondria were purified from 2.5 kg of potato tubers according to (21) . Mitochondrial lysates able to perform tRNA processing were obtained essentially as described by Hanic-Joyce and Gray (22) and processing assays were carried out according to (16) .
To test for incorporation of the CCA end into the processed products, processing assays were performed as described above but with unlabelled precursor RNAs as substrates and in the presence of 40 µCi [α 32 P]CTP and 40 µM CTP.
Primer extension analysis
The mature tRNA-sized product obtained from unlabelled edited tRNA His precursor was recovered from a sequencing gel (20) using as a reference the migration of the same product derived from the corresponding labelled tRNA His precursor. Primer extension was carried out as described in Remacle and Maréchal-Drouard (17) using one fifth of the gel-purified processing product as a template and oligonucleotide 3 (GGCGAATAACGGGATTCG) complementary to the 3′-end of larch mitochondrial tRNA His as a primer.
RESULTS
Cloning and sequencing of the larch mitochondrial trnH gene
A labelled RNA probe obtained by in vitro transcription of the mitochondrial trnH gene from liverwort (Marchantia polymorpha) hybridized to mitochondrial tRNA from larch but not to mitochondrial tRNAs from angiosperms (13) . The same probe also hybridizes to larch mitochondrial DNA (mtDNA) (Fig. 1) . Only one hybridizing fragment was obtained with a variety of restriction enzymes, so we assume that there is only one copy of the gene. A plasmid library of size-selected BamHI fragments from larch mtDNA was screened with the liverwort trnH probe, and a plasmid containing a hybridizing insert was recovered and sequenced ( Fig. 2A , EMBL accession no. Z70031). By comparing this sequence to the trnH sequence from liverwort and by folding it into the typical cloverleaf tRNA structure (Fig. 2B) , it appeared that the folded larch sequence contains three mismatches, C 6 ·A 67 in the acceptor stem, C 12 ·A 23 in the D stem, and A 29 ·C 41 in the anticodon stem, whereas in these three locations the liverwort sequence contains U·A Watson and Crick pairs. These three mismatches could potentially be repaired by classical C to U RNA editing. In addition, the usual R 15 ·Y 48 Levitt tertiary base pair (23) is predicted to be A 15 ·C 48 in the larch structure, which again could be potentially corrected by C to U editing. The corresponding base pair in the liverwort tRNA is G 15 ·C 48 , as in almost all other tRNA His from bacteria to higher eukaryotes (24) .
Larch tRNA His cDNA sequence
Larch mitochondrial tRNA His precursors were amplified by RT-PCR, cloned and sequenced (Fig. 3) . Some sequenced molecules were identical to the gene sequence, but six out of 11 presented C to T transitions at positions corresponding to residues C 6 , C 12 and C 41 in the tRNA His sequence. Such alterations are indicative of RNA editing. No evidence of partially edited precursors was found, nor was there any evidence found for editing of C 48 or any of the other C residues in the sequence, for example C 13 or C 21 where U is found in the corresponding liverwort mt tRNA His sequence.
In vitro processing of larch tRNA His precursors
The fact that the three editing events found improve base pairing in the tRNA structure implies that they might be functionally significant. Transfer RNA structure is important for several phases of tRNA expression, including processing of precursors, post- transcriptional modifications, aminoacylation and interaction with translation factors and ribosomes. Chronologically, the first stage following transcription is usually maturation of the precursor at the 5′-and 3′-ends by specific endonucleases (22, 25) . To examine whether processing of the mt larch tRNA His precursor was affected or not by editing, we examined maturation of edited and unedited precursors in the presence or absence of a potato mitochondrial processing extract (Fig. 4) . Mature tRNA was only obtained when edited precursor transcripts were used. The processing pathway appears to pass via an intermediate which, according to its size, consists of the precursor transcript minus the 5′-flanking sequence. The results are consistent with maturation occurring via removal of the 5′-flanking sequence by an endonucleolytic cleavage (probably by RNase P, for a review see 26) followed by removal of the 3′-flanking sequence by a second endonucleolytic cleavage, as seen in the processing of other plant mitochondrial tRNA precursors (22, 25) . Unedited transcripts gave no discernible mature tRNA, and no obvious intermediates. Similarly, recent data have demonstrated that the single C to U editing event occurring in the acceptor stem of the Oenothera and potato mitochondrial tRNA Phe is also required for efficient excision from precursor RNAs (16, 27) . In order to verify that the processing product observed really corresponds to the mature tRNA, more precise methods were used to examine the 5′ and 3′ extremities. By primer extension, two 5′ termini were found (Fig. 5A ), corresponding to G 1 and C 2 . At the 3′-end, the labelling of the tRNA His processing product with [α 32 P]CTP shows that the mature tRNA His has been generated in these extracts and the standard CCA triplet added correctly by ATP(CTP): tRNA nucleotidyl-transferase (Fig. 5B ) (22, 25) . No labelled products were obtained with unedited precursor, again indicating that normal processing of the unedited transcripts does not occur.
DISCUSSION
Editing site location
In plant mitochondria, only two cases of single editing event affecting tRNAs have been described so far, namely for tRNA Phe (GAA) in potato, bean and Oenothera and tRNACys (GCA) in Oenothera (8, 9) . The larch mitochondrial tRNA His studied here displays the most extensive RNA editing yet seen in (24) . Compared to the classical cloverleaf structure, the extra nucleotide G present at the 5′-end is numbered -1. The nucleotide changes introduced by editing are written in bold, boxed and pointed by large arrows. The nucleotide differences found with the M.polymorpha mt tRNA His gene (14) are indicated by thin arrows; X corresponds to a missing nucleotide in the M.polymorpha mt tRNA His gene. a tRNA from a higher plant. Although edited tRNAs have been discovered in mitochondria from other organisms (28) (29) (30) (31) (32) , the pattern and type of editing is not the same and the mechanisms responsible are certainly different. The C to U editing seen here is very reminiscent of the editing seen in plant mitochondrial and chloroplast mRNAs. As the mechanism by which RNA editing occurs in plant organelles is still unclear, it is interesting to note some features of the editing of larch tRNA His . Firstly, all three editing sites are at C·A mismatches in potentially double-stranded regions. Similarly, editing of tRNA Phe in potato, bean and Oenothera takes place at a C·A mismatch (8, 9) and tRNA editing in Acanthamoeba also appears to involve mismatch repair in double-stranded regions, although editing in Acanthamoeba is limited to the acceptor stem, but is not limited to C to U changes (30) . RNA editing in trypanosomes involves guide RNAs; editing relies on mismatches (between the guide RNA and the transcript being edited) to direct insertion or removal of uridines at specific sites. Mismatch repair is also an attractive hypothesis for the targeting of C to U editing in plant organelles, although no evidence has been found for the existence of guide RNAs or local regions of complementarity which could direct the editing machinery. The editing system of apolipoprotein B transcripts in mammals (33, 34) , which biochemically most closely resembles that seen in plants, does not involve complementary base pairing. Larch mitochondrial tRNA His is the best example to date in the plant kingdom where complementary base pairing might be involved. It is also interesting to compare the larch tRNA His editing sites to the consensus obtained from a systematic study of 61 non-homologous editing sites (35) . The first editing site is preceded by a G, and the third by an A which is rather unusual as plant organellar editing sites nearly always follow a pyrimidine, and a G preceding the editing site is extremely rare (for a review see 36).
The processing of larch mitochondrial tRNA His
Transfer RNA His is unique among tRNAs in that it contains an extra base pair in the acceptor stem between G -1 and C 73 , the Figure 5 . In vitro analysis of 5′-and 3′-end processing of tRNA His . (A) Primer extension analysis of the mature tRNA-sized in vitro processing product obtained from the edited precursor (see Fig. 3 ) using as a primer an oligonucleotide complementary to the 3′-end of larch mitochondrial tRNA His . A DNA sequencing reaction performed with the larch mt tRNA His gene and the same primer was used as a ladder. This DNA sequence is shown in its complementary form (C,T,A,G) to allow direct alignment of the primer extension product (P) with the terminal sequence of the tRNA. The sequence of the region surrounding the processing site is presented on the left with an arrow starting at the G 1 nucleotide of the mature tRNA His . (B) Addition of the CCA end during in vitro processing of the edited (E) and non-edited (NE) forms of larch mt tRNA His . In vitro synthesized unlabelled 'precursor' RNAs were incubated with [α-32 P]CTP in the presence (+) or absence (-) of a potato mitochondrial protein extract. Processing products were analyzed on a 15% acrylamide sequencing gel and the size of the processing product was estimated using a sequencing reaction run in parallel as a ladder. discriminator base. This feature is essential for recognition by histidyl-tRNA synthetase (37, 38) , and is conserved between prokaryotes and eukaryotes, with the difference that G -1 is added post-transcriptionally in eukaryotes (39) , whereas in prokaryotes and in chloroplasts it is present in the precusor transcript. G -1 is retained in the mature tRNA because the bacterial and plastid RNase P cuts tRNA His precursors between -2 and -1 rather than between -1 and +1 as in all other precursor tRNAs (40, 41) .
Angiosperm mitochondrial 'cp-like' trnH genes (42) and both the liverwort and larch 'native' mitochondrial trnH genes also contain a G at the -1 position. Although these data could suggest that, as in bacteria and chloroplasts, the mature mitochondrial tRNA His contains G -1 due to an unusual cleavage by RNase P the primer extension results on the processed product from the larch mitochondrial tRNA His precursor leave open the possibility that the extra G is added post-transcriptionally. Two termini, corresponding to G 1 and C 2 were found and no product ending at G -1 was detected. This may be due to the use of a heterologous (potato) processing extract; potato mitochondria contain a 'cp-like' tRNA His which is quite different from the larch mitochondrial tRNA His , and the motifs needed for correct processing by RNase P may differ somewhat between the two species. Therefore, the absence of a product ending at G -1 does not exclude the possibility that, in vivo, the larch mitochondrial RNase P cuts tRNA His precursors between -2 and -1. Indeed, chloroplast RNase P does not process bacterial tRNA His correctly, and it has been suggested that the highly conserved extended acceptor stem (G -2 ·C 74 , G -3 ·C 75 ) characteristic of chloroplast tRNA His precursors (and mitochondrial 'cp-like' tRNA His precursors) is necessary for correct processing (40) . Neither the larch nor the liverwort mitochondrial trnH transcripts can form such an extended acceptor stem.
The function of RNA editing and evolutionary considerations
In mRNAs, RNA editing is found almost exclusively in coding sequences, where it generally serves to improve the similarity of the encoded protein sequence with those found in other organisms. There are also examples of the creation of start or stop codons in transcripts, and even examples of editing in non-coding sequences where it can be assumed that the editing is essential for correct expression (for reviews, see [1] [2] [3] [4] [5] . We have shown that, as in the case of the Oenothera and potato mitochondrial tRNA Phe (16, 27) , editing of larch mitochondrial tRNA His precursors is an absolute prerequisite for processing and thus for the accumulation of a functional tRNA. Given that RNA editing is now essential for the expression for many plant mitochondrial genes, it has been suggested that plant mitochondria have become 'addicted' to the process (4), and a hypothesis to explain how this might have occurred has been proposed (43) . At least as regards tRNA genes, it seems that plant mitochondria might be trying to 'kick the habit'. The native gene found in larch is absent from angiosperms (13, 44, 45) , and the edited tRNA Phe and tRNA Cys genes have also been lost from many plant lineages, replaced by tRNA genes carried on inserted fragments of plastid DNA, or by nuclear genes coding for imported cytosolic tRNAs (13, 44, 46) . There is a clear evolutionary tendency towards functional replacement and subsequent loss of native mitochondrial tRNA genes. The primitive plant Marchantia polymorpha contains 29 mitochondrial tRNA genes (14) , whereas maize contains only 10 (47) and sunflower 11 (of which 10 are expressed) (48) . It seems that for tRNAs natural selection prefers alternative modes of expression which avoid RNA editing.
